Objective: To establish whether near infra-red interactance (NIRI) has potential for use instead of skinfold thickness (SFT) measurements in the assessment of body composition in young children. Design: Strengths of relationships were established between NIRI or SFT measurements and four-component model (4-CM) assessments of body composition. Subjects: Nineteen boys and 19 girls, aged 8 -12 y. Measurements: 4-CM estimates of body composition were obtained from measurements of body weight, body volume, bone mineral content and total body water. SFT and NIRI were measured at the same four recognized sites (biceps, triceps, subscapular and suprailiac). Results: All children subjectively expressed a preference for NIRI rather than SFT calipers. Although SFTs were slightly more strongly and consistently related to 4-CM estimates, NIRI measurements at the biceps, subscapular and sum of four sites were significantly related to body composition indices. Subscapular NIRI measurements were as successful as subscapular SFTs in ranking subjects relative to 4-CM fatness, both techniques being most successful at lower levels of fatness. Conclusion: NIRI has potential for use instead of SFT for estimating body composition in young children. Its contribution may prove to be greatest in sick children in whom SFT measurements may be unwelcome, and weight-for-height indices of little value due to abnormalities of water distribution. However, greater numbers are required to develop child-specific prediction equations and the viability and validity of NIRI in pediatric patients is still to be evaluated. Descriptors: four-component model; body fat; fat-free mass; skinfold thickness
Introduction
There is a need for effective simple, non-invasive and inexpensive techniques for clinical or field assessments of body composition in children. Traditionally, the interpretation of skinfold thickness (SFT) measurements as body composition has fulfilled this role (Brook, 1971; Slaughter et al, 1988; Deurenberg et al, 1990) , albeit with some uncertainty (Reilly et al, 1995) . However, as health professionals often report distress and poor patient compliance with the use of SFT calipers, which may be perceived as threatening and painful by young children, the utility of alternative techniques may be preferred. Empirical estimates from body weight (BWt) and height (Ht) fail to provide reliable indices of nutritional status especially in clinical conditions with variable hydration and density of the fat-free mass (FFM). Furthermore, bio-electrical impedance analysis (BIA), for predicting total body water (TBW) in particular, as the water containing body compartments conduct the electrical current, may not be universally applicable because of confounding variables, such as interference from nearby equipment, or inappropriate prediction equations that may generate significant bias and variability when applied clinically (Azcue et al, 1993; Bedogni et al, 1996) or in healthy children (Wells et al, 1999) .
Another development that may have potential for use in children is near infra-red interactance (NIRI) because the light probe placed on the skin surface appears to be less daunting than SFT calipers, with no associated pain. The NIRI technique involves the introduction of infra-red radiation through the skin into the underlying tissues and assessment of the pattern and intensity of the reflected component, depending on the specific absorption characteristics of protein, fat and water (Conway et al, 1984; Conway & Norris, 1987; Elia et al, 1990; Brooke-Wavell et al, 1995) . Reports in adults indicate that it may have little or no advantage over SFT in predicting body composition (Elia et al, 1990; Brooke-Wavell et al, 1995) , exhibiting measurement bias when used to assess absolute fatness (Thomas et al, 1997) . However, other authors have suggested that NIRI may be of value for monitoring nutritional status in patients where alternative techniques are impractical or inappropriate (Kalantar-Zadeh et al, 1999) . It may, therefore, be of similar value in children if its relationship with body composition can be shown to be significant or, at least, not substantially worse than that of SFTs. NIRI may also have an advantage over BIA in that it provides relative indices of fat and water at different specific sites around the body, which can be extrapolated to the whole body, not necessarily relying on an assumed constant value for FFM hydration. NIRI has already been used to assess changes in subcutaneous fat distribution in neonates (Kasa & Heinonen, 1993) , and might prove a useful means for monitoring nutritional status in many kinds of patient.
During a recent study of body composition in children (Wells et al, 1999) , in which reference estimates were obtained using a four-component model (4-CM; Fuller et al, 1992) , measurements of NIRI and SFT were also obtained at the four sites usually designated for estimating body density (BD; Durnin & Womersley, 1974) , from which the proportion of body fat may be calculated (Siri, 1961) . The aim of the present study was to compare the strengths of relationships between indices of body composition and NIRI with those between such indices and SFT measurements, by the use of correlation coefficients.
Methods
Characteristics of the 38 children whose data were used in this study appear in Table 1 . Of the 41 children who originally volunteered for the study on body composition previously reported (Wells et al, 1999; Dewit et al, 2000) , two did not have acceptable measurements of deuterium dilution space, because of technical difficulties. In one other, although NIRI measurements were beyond the standard range, this was not recognised until analysis (see below). Data from these subjects were omitted from the analysis. All anthropometric and NIRI measurements were obtained by one experienced male observer for the boys and by one experienced female observer for the girls, with similar extent of training for each technique to ensure consistency of procedure.
BWt (kg) was measured using calibrated electronic scales. Standing Ht (m) was measured against a wallmounted stadiometer. Body mass index (BMI) was determined as Quetelet's index (kg=m 2 ). Measurements of SFT were obtained in triplicate at the biceps, triceps, subscapular and suprailiac sites, using Holtain=Tanner-Whitehouse skinfold calipers (Holtain Ltd, Crosswell, Crymych, UK), as described by Durnin and Womersley (1974) . NIRI was performed at each of these same four sites using the Futrex 5000 reflectometer (Self Care Products Ltd, Amersham, UK) according to manufacturer's instructions (Elia et al, 1990) . The NIRI instrument was tested immediately before taking measurements on each child by using the optical standard, provided with the instrument and situated in a light shielded rigid probe receptacle, to ensure that its performance was consistent throughout the study (Elia et al, 1990) . Measurements were obtained with the probe protected by a flexible light shield provided by the manufacturer. Although the NIRI data from one subject were found to be unsatisfactory, this was a singularly unusual occurrence of uncertain origin. Values for optical density (OD) at two wavelengths were recorded (940 nm, OD 1 ; 950 nm, OD 2 ), without any attempt to use the instrument's software to convert raw data to body composition estimates as the integrated prediction equations were not known to be child-specific.
Reference 4-CM estimates of body composition, including BD (mass=volume; kg=l), body fat (kg and %BWt) and FFM (kg), were obtained from measurements of (a) body volume (BV) using an underwater weighing technique, confirmed by duplicate measurements or by air displacement plethysmography (Dewit et al, 2000) , (b) BWt, (c) Reference body composition data from 30 of these children has been presented previously (Wells et al, 1999; Dewit et al, 2000) . Difference between boys and girls significant to P < 0.05. FMI, fat mass index; FFMI, fat-free mass index; OD 1 , optical density at 940 nm; OD 2 , optical density at 950 nm.
Near infra-red interactance in children NJ Fuller et al TBW from deuterium dilution, and (d) bone mineral content (BMC) using dual-energy X-ray absorptiometry (DXA). Fat was then calculated as follows:
for further details, see Fuller et al (1992) , Wells et al (1999) and Dewit et al (2000) . Fat mass index (FMI; kg=m 2 ) and FFM index (FFMI; kg=m 2 ) were also calculated (Van Itallie et al, 1990) .
Statistics
Strengths of relationships between NIRI or SFT measurements and 4-CM body composition indices were established using Pearson's correlation coefficient (r). Partial correlations were calculated appropriately to eliminate the effects of the confounding variable of age, due to the strong relationship between age and FFM. The significance of any differences between values for r was assessed using Fisher's z-transformation. This test applied to differences between the sexes, differences between OD 1 and OD 2 , and differences between NIRI and SFT for a given site. Probabilities of < 0.05 were considered significant. Subjects were also ranked in terms of FMI by the three methods (4-CM, SFT and NIRI) and categorised into tertiles from which chance corrected agreement between methods was assessed using Cohen's kappa (k) which determines how many exact agreements were observed in excess of those that would have been obtained by chance alone (Altman, 1991) .
Ethical approval
This study was approved by the local Ethical Committees of Addenbrooke's Hospital and the Dunn Clinical Nutrition Centre. Verbal consent was ascertained from each child and written informed consent obtained from their parents.
Results
All children expressed a preference for NIRI compared to SFT measurements. Mean (s.d.) values for SFT, OD 1 and OD 2 measurements at the four sites used in this study are shown in Table 1 . The boys were leaner than the girls which was reflected by lower SFTs, significant for the triceps, subscapular and sum of the four sites, and generally higher NIRI measurements, significant for OD 1 at the biceps and OD 2 at the biceps, subscapular and sum of the four sites.
The strengths of relationships (r) between SFT or NIRI and body composition estimates are presented in Table 2 , for boys and girls separately. Apart from the significantly stronger relationship observed in boys between Ht and FFM, there was no significant difference between the sexes for the strength of any relationship between anthropometry, SFT or NIRI and body composition indices. 
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The relationships between SFTs for all sites and percentage fat or FMI were fairly strong (r, range 0.69 -0.95). Regardless of the site at which SFT was measured, there was a significant correlation with the reference fatness data. SFT measurements were significantly related to FFM and FFMI in boys, but not in girls.
In contrast, the strength of the correlations between NIRI measurements and reference fatness data varied according to the site of the NIRI measurement. The subscapular site demonstrated the best relationships for both OD 1 and OD 2 , with the sum of four sites and the biceps site also correlating with significance. The majority of relationships between body composition and NIRI measurements at both the triceps and suprailiac sites were not significant. With the exception of the triceps site, OD 1 and OD 2 measurements were better related to FFM and FFMI in boys than in girls.
With few exceptions, SFT measurements at all sites were related better than NIRI to reference estimates of body composition, but such between-technique differences did not reach significance. These exceptions were for FFM and FFMI for girls, in whom the relationships were materially trivial for the most part (all values for r < 0.5). Even the strongest relationships between NIRI and body composition (subscapular and the sum of four sites) were, at best, of approximately the same extent as those between BWt or BMI and body composition.
Although a number of different combinations of NIRI data (eg OD 1 þ OD 2 ; OD 1 =OD 2 ), or combinations of NIRI or SFT with BWt, Ht or BMI were related to body composition indices, none showed any real material improvement over single measurements, and some were substantially worse (eg OD 1 7 OD 2 ). These results are not, therefore, presented here.
For both SFT and NIRI, the strongest correlation with the 4-CM reference was demonstrated at the subscapular site. Therefore it was the data obtained at this site for SFT, OD 1 and OD 2 and the FMI data that were divided into tertiles and classificatory agreement between FMI and the three predictive measures assessed (Table 3 ). The OD 2 measurement (k 0.61) was shown to have good agreement with the reference FMI, marginally more successful than that of the moderate agreement with SFT (k 0.52), while OD 1 (k 0.45) was the least successful, although still moderate, of the three predictors at categorising fat into tertiles. All three of these predictive measures were more successful at identifying the lowest (third) FMI tertile than the middle or highest tertiles.
Discussion
During recent studies in healthy children (Wells et al, 1999; Dewit et al, 2000) , we enquired of each child which body composition technique they liked best and which they disliked. Surprisingly, a majority seemed to enjoy the daunting underwater weighing used in the 4-CM, whilst the SFT measurements were most disliked by all the children. As the 4-CM is not generally available for clinical or field work, simpler techniques are required. However, the use of techniques perceived as threatening may erode patient confidence in the clinician, particularly for younger patients, while poor subject compliance reduces data quality. Although less invasive, BMI, the other widely-applied clinical index, cannot distinguish fat from the fat-free components of weight (Wells, 2000) and is of little value when fluid distribution deviates from normal. Evidently, NIRI has the potential in children to overcome some of these disadvantages because it is: (a) portable and simple to perform; (b) minimally intimidating; (c) a more differential index of body composition than BWt, Ht or BMI; and (d) more precise than SFT measurements, in adults at least (Fuller et al, 1991) as measurement variability was not assessed in these children due to lack of allocated time.
As no improvement over SFT was observed when using NIRI in adults (Elia et al, 1990; Brooke-Wavell et al, 1995) , it is of little surprise that relationships between NIRI and body composition appeared to be no better than for SFTs in this group of children. Indeed, NIRI appears to be generally (although not significantly and with few exceptions) less well associated than SFTs with most estimates of body composition (Table 2) ; for example, the sum of four sites for SFT, OD 1 and OD 2 explain 69%, 53% and 58%, respectively, of the variance of body fat in boys and 72%, 26% and 44% of that in girls. These differences probably reflect the underlying mode of operation of each technique. Firstly, SFTs depend essentially on the physical depth of subcutaneous adipose tissue, although skin thickness is a contributory factor. In contrast, NIRI measurements are affected by the characteristics of hydrogen bonds that are differentially associated with the chemical nature of water, protein and fat (Conway & Norris, 1987) . Furthermore, although the pure fat absorption band is at 930 nm and that for pure water is at 970 nm (Conway et al, 1984) , the Futrex Near infra-red interactance in children NJ Fuller et al 5000 instrument measures OD 1 at 940 nm and OD 2 at 950 nm which are, themselves, strongly associated (this study; Elia et al, 1990; Brooke-Wavell et al, 1995) . It was uncertainty due to such factors that prompted BrookeWavell et al, (1995) to propose the introduction of different or additional wavelengths. Secondly, there is consistency in the strengths of relationships between SFTs at the different sites and estimates of body fat; this is probably because variability at each site is similarly representative of the variability of subcutaneous adipose tissue, itself reflecting variation in total body fat. This consistency is not shared by NIRI. Inconsistent strengths of association of NIRI with total body fat at the various sites may simply be due to differences in the depth of penetration of the infra-red radiation, which is known to have a complex influence on the shape of spectrum and intensity of interactance signal (Conway et al, 1984; Brooke-Wavell et al, 1995) . The NIRI data for the subscapular and biceps sites, with shallow infra-red penetration due to less subcutaneous adipose tissue, in these children are better related to body fat than either the suprailiac or triceps sites (Table 2 ) with greater SFT (Table 1) . Body composition estimates from both SFT and NIRI are further compromised by the uncertainty of relationship between subcutaneous adipose tissue and total body fat, but this should not affect further the direct comparison of their potential to predict body composition. The ranges for NIRI measurements between the fattest and leanest human are small (this study; Elia et al, 1990; Brooke-Wavell et al, 1995) , implying that each OD measurement makes a relatively small contribution to the prediction equation presented previously (that uses only the biceps data) compared with the more significant predictors of body composition, BWt and Ht (Elia et al, 1990 ). This scenario is the same for children, except that the subscapular site appears to have the best relationship with 4-CM indices. In Table 2 it can be seen that SFT, BWt, Ht and BMI all have significant relationships with body composition that are generally better than those for NIRI. Therefore, in healthy children, if SFT measurements are feasible without distress to the subject then their use is preferable to NIRI. If they are not, then reasonable estimates of body composition are obtainable using BWt, Ht and BMI, especially as NIRI appears to offer little advantage across the entire spectrum of fatness. Indeed, such relationships were not improved when BWt, Ht or BMI were combined with either NIRI or SFT data.
However, when the objective was shifted to categorising fatness levels, NIRI compared more favourably with SFT. In particular, OD 2 from the subscapular site provided the most accurate classification (Table 3) . Although both NIRI and SFT data were less successful at defining the upper two tertiles compared to the lower tertile, OD 2 was slightly better than SFT at distinguishing the upper two tertiles and, as OD 2 was equally good at classifying the lowest tertile, NIRI might provide data useful in monitoring nutritional status while, at the same time, overcoming problems of acceptability. In particular, its enhanced accuracy in leaner subjects indicates that NIRI might prove valuable in screening for malnutrition. Furthermore, as both NIRI and SFTs are less strongly related to BD than to body fat, which may be due to variability in the density of FFM with age in children, it may be better to regress NIRI and SFT directly to reference whole body fat measurements, unlike in adults for whom BD is predicted before being used to calculate body fat (Durnin & Womersley, 1974) .
While NIRI has proved informative in neonates (Kasa & Heinonen, 1993) , attempts to apply it to older children have been less successful. A significant bias in fat compared to hydrodensitometry was reported in children aged 11.7 (s.d. 0.7) y (Brodie & Eston, 1992) , while no significant relationship was found between the OD 1 =OD 2 ratio and magnetic resonance imaging of arm fat in children aged 10 -15 y (Brambilla et al, 1994) . Kasa and Heinonen (1994) attributed these discrepant results to the fact that the accuracy of NIRI is optimal at low tissue depths, a conclusion consistent with our own that NIRI may be most appropriate for patients in the lower portion of the weight spectrum (see above).
This report presents only limited data obtained in healthy children, providing simple pointers to prospective uses of NIRI in young or hospitalised children. The numbers involved were insufficient to enable firm conclusions to be drawn or for prediction equations to be derived using multiple regression analysis in different ages or disease states. Such associated changes in body composition (eg hydration of FFM) can affect the validity of predictions if generalised inappropriately (eg Fomon et al, 1982; Lohman, 1989) . In spite of these dilemmas, our study suggests that NIRI has potential for use in place of SFT for estimating body composition in children. Given that the accuracy of the technique seems to improve at lower levels of body fatness, NIRI may well prove to be of value in screening for undernutrition in hospitals.
